We present measurements of spin pumping detected by the inverse spin Hall effect voltage and ferromagnetic resonance spectroscopy in a series of metallic ferromagnet/normal metal thin film stacks. We compare heterostructures grown in situ to those where either a magnetic or nonmagnetic oxide is introduced between the two metals. The heterostructures, either nickel with a platinum overlayer (Ni/Pt) or the nickel-iron alloy permalloy (Py) with a gold overlayer (Py/Au), were also characterized in detail using grazing-incidence X-ray reflectivity, Auger electron spectroscopy, and both SQUID and alternating-gradient magnetometry. We verify the presence of oxide layers, characterize layer thickness, composition, and roughness, and probe saturation magnetization, coercivity, and anisotropy. The results show that while the presence of a non-magnetic oxide at the interface suppresses spin transport from the ferromagnet to the non-magnetic metal, a thin magnetic oxide (here the native oxide formed on both Py and Ni) somewhat enhances the product of the spin mixing conductance and the spin Hall angle. We also observe clear evidence of an out-of-plane component of magnetic anisotropy in Ni/Pt samples that is enhanced in the presence of the native oxide, resulting in perpendicular exchange bias. Finally, the dc inverse spin
I. INTRODUCTION
A non-magnetic (NM) metal in proximity to a ferromagnet (FM) causes an additional magnetization damping in the FM. The excess angular momentum from the FM flows into the NM, where it forms a diffusive pure spin current in a process known as spin pumping.
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In materials with strong spin-orbit coupling (SOC) this spin current drives a measurable dc voltage, V ISH , as a result of the inverse spin Hall effect (ISHE), [4] [5] [6] such that V ISH can be taken as an electrical measure of the ability of the FM/NM hybrid to generate pure spin current. 7, 8 Spin pumping experiments, either detected as a modification in magnetization damping or via V ISH , have become ubiquitous and essential for studies in nanomagnetism, spintronics, and spincaloritronics. [9] [10] [11] One way to frame the usual picture of spin pumping, which has been explained via a complete quantum mechanical theory 2, 3 , is that some fraction of the spin-polarized electrons in a FM incident on an interface with a NM will experience spin-flip scattering. The required change in angular momentum between the incoming and outgoing electron wavefunctions at the interface drives a pure spin current into the NM. As commonly noted, this is the inverse scattering process to spin-transfer torque 12 where a spin polarized current in a NM exerts a torque on a FM layer. The theories of both effects rely on the existence of electron wavefunctions on both sides of a clean interface between FM and NM. The spin pumping theory has a logical extension to the interface between an insulating FM (FMI) and a non-magnetic metal, where the spin excitation in the FMI is carried by magnons which couple to the NM electron wavefunction at the FMI/NM interface.
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The theoretical requirement for well-defined electron wavefunctions has motivated experimentalists to focus on well-controlled interfaces in studies of the spin-pumping efficiency of FM/NM interfaces 11 , and a wide range of studies have confirmed that spin pumping is strongly reduced by the presence of non-magnetic insulators or damage at interfaces.
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Very recently, however, two groups 21, 22 have surprisingly shown that inserting the antiferromagnetic oxide NiO, even in the thickness regime without well-defined bulk magnetic order at the relevant measurement temperature, does not stop transport of spin current between the ferrimagnetic insulator yttrium iron garnet (YIG) and Pt. This has been attributed to either antiferromagnetic (AF) magnons or AF spin fluctuations, although more work needs to be done to fully clarify the mechanisms. In particular, the suppression of the AF ordering temperature with reduced thickness is an important factor, as it will dictate whether long-range AF order or only short-range AF spin fluctuations are present at the measurement temperature. A recent theory also predicts spin pumping from an antiferromagnet with welldefined long-range order with expected voltages on the order of that seen for ferromagnets. 23 Furthermore, a study of spin pumping performed above the T c of a FM film also showed ISHE dc voltages in the regime where only FM correlations are present. 24 All of these very recent results question the typical view of the requirements for spin transport across an interface in response to magnetization dynamics. In this paper we examine this spin transport by intentionally oxidizing the surface of transition-metal FM thin films. Such native oxide layers have been largely avoided by the spintronics and spincaloritronics communities up to this point, due to the expectation that clean electronic interfaces will lead to the most effective spin transport and the largest spin-pumping effects. Surprisingly, we show the opposite,
i.e., that the magnetic native oxides of Ni and Py somewhat enhance the efficiency of spin transport across the interface and/or subsequent electrical detection of spin current via the ISHE.
In electrically-detected spin pumping experiments, the electrical detection of the pumped spin current is enabled by the inverse spin Hall effect, so that one inherently probes both the NM's efficiency of converting charge to spin current, and the ability of the interface to transmit spin current from the precessing magnetization in the FM to the NM. Spin current conversion by the ISHE is usually quantified by the spin Hall angle 
where σ c xx and σ s xy denote longitudinal charge and transverse spin conductivities, respectively. The interface is normally discussed in terms of a spin-mixing conductance, g ↑↓ which is ultimately related to the spin-dependent transmission probabilities at the interface. 25 As shown below (Sec. V A), electrically-detected spin pumping cannot separately determine these quantities, and the most precise description of our results is in terms of an overall electrically-detected spin pumping efficiency, g ↑↓,eff α SH . In the fairly common limit of the normal metal thickness, t N , much greater than the spin diffusion length, λ sd , in the normal metal, λ sd can also not be separately determined by electrically-detected spin pumping experiments, which only allow extraction of the product g ↑↓,eff α SH λ sd . Due to this interrelation and the difficulty of the measurements themselves, there is currently considerable disagreement regarding the size of α SH and λ sd in various materials.
7,8
Our results include not only electrically-detected spin pumping in cavity-based FMR, but also broadband FMR spectroscopy, structural characterization by X-ray reflectivity and Auger-electron spectroscopy, and SQUID and alternating gradient field magnetometry (AGFM). We also clearly demonstrate the presence of out-of-plane magnetic anisotropy at 
II. EXPERIMENT
FM/NM bilayers with various interfaces were grown either by sputtering in high vacuum (HV) or e-beam evaporation in ultra high vacuum (UHV) on Si-N coated Si substrates.
Three Ni heterostructures with Pt overlayers were prepared via dc sputtering in 3 × 10
Torr of Ar after pumping to base pressure of 2 × 10 −6 Torr or better. Approximate sputter rates were 0.06 − 0.09 nm/s at dc powers of 100-125 W, dependent on material. One stack was grown without breaking vacuum between Ni and Pt depositions and with minimal time between depositions (referred to as Ni/Pt). Another was removed from vacuum after Ni deposition for approximately 24 hours and stored in a clean, humidity controlled environment before re-loading in the sputtering system for Pt deposition (referred to as Ni/NiO/Pt). This elapsed time is more than enough to form a complete native Ni oxide layer, which we presume to be NiO, an oxide that is antiferromagnetic in bulk with a Neél temperature T N = 525 K.
32
Growth of native NiO on Ni thin films is known to result in a thickness-dependent antiferromagnetic blocking temperature 33 and substantial non-uniformity in thickness, however, so that we expect relatively poor isolation between Ni and Pt layers. A final Ni heterostructure was also grown entirely in-situ, but with the addition of a Ag layer between the Ni and Pt (referred to as Ni/Ag/Pt).
Three Py heterostructures with Au NM overlayers were prepared via e-beam evaporation in UHV using a single Py crucible from source material with nominal composition Ni 80 Fe 15 Mo 5 . The resulting Py film composition, determined from energy dispersive x-ray spectroscopy analysis (EDS) in a scanning electron microscope for all Py films is approximately 85% Ni and 15% Fe, with no evidence of Mo incorporation. Film stacks were deposited after reaching base pressure of 5 × 10 −9 Torr or better at rates of ∼ 0.1 nm/s. One stack was again grown without breaking vacuum (Py/Au), with a second film removed from the UHV chamber and exposed to atmosphere in the vented load-lock for ∼ 24 hours before re-introduction to vacuum and deposition of Au (Py/PyOx/Au). Permalloy's native oxide is not simple, as will be discussed in more detail below, though is also expected to have significant non-uniformity in thickness. A final Py heterostructure was first capped with (nominally) 2-3 nm of Al, then allowed again to oxidize for 24 hours before Au deposition (Py/AlOx/Au). Multiple 1 cm × 1 cm substrates were used in each deposition and pieces from each were used for structural, magnetic, and dynamic characterization.
The individual layer and total thickness and chemical depth-profile of each heterostructure was probed via grazing-incidence X-ray reflectivity (GIXR) using Cu K α radiation. The The inverse spin Hall voltage, V ISH , was measured using a magnetic resonance spectrometer on 1 mm × 5 mm pieces cut from the larger substrates using an automated diamond-blade wafer saw. Wire-bonds connected to the ends of the long axis allow measurement of the dc voltage generated in response to FM resonance in a 9.85 GHz microwave field. The sample was placed as near as possible to a node of the electric field and anti-node of the magnetic field in a TE 102 cavity and H applied in the plane of the samples was swept to map both the resonance and ISHE voltage response.
We performed FMR spectroscopy on unpatterned bi-and tri-layer samples coated with In both SQUID and AGFM scans the linear background due to the diamagnetic response of the Si/Si-N substrate was subtracted. The total moment of the heterostructures was on the order of 1 × 10 −4 emu (1 × 10 −7 Am 2 ) or larger. Sample thickness measured by GIXR and sample area measured using a micrometer provided the sample volume in order to convert total moment to magnetization.
III. RESULTS
A. GIXR and Auger Depth-Profiling 3 and surface roughness σ ≈ 0.7 nm. Auger spectra were collected as a function of total 4 keV sputtering time, which was converted to approximate etching depth using the total sample thickness as determined from GIXR. We assumed a constant etch rate through- and subsequent oxidization of a transition metal FM surface has been shown very clearly in previous work on non-local spin valves. 35 The AES profile in Fig. 2f suggests that even a subsequent capping with 7.8 nm of Pt does not entirely prevent O diffusion and oxidation of the underlying Ni. This will most likely lead to a Ag layer with higher electrical resistivity than for clean bulk Ag, though this value is not needed in any subsequent analysis.
3.0±0.2 g/cm
As seen for the Ni series, the intentionally "clean" interface Py/Au heterostructure shows evidence of an oxide layer in neither SLD (Fig. 3a) ) nor AES profiles (Fig. 3b) ). Here a small O signal is again detected in the bulk of the Py film for the Py/Au and Py/PyOx/Au heterostructures. We believe this was introduced via a small leak in the UHV chamber that was repaired before growth of the Py/AlOx/Au heterostructure. The intentionally oxidized Py/PyOx/Au sample shows clear evidence of the oxidized interface in both GIXR and AES profiles ( Fig. 3c-d) ). The native oxide of the Fe-Ni alloy is significantly more complicated than the elemental Ni film, but has been studied in detail by neutron and X-ray reflectivity. Table I ) are all determined from the data using Lorentzian fits to the full response. Note that the samples were each carefully positioned in the cavity in an antinode of the magnetic field, resulting in V ISH signal with dominantly symmetric Lorentzian line shape. α (see Sec. III C below) and thus the degree of magnetization excitation, as well as the electrical resistance of the layer stacks, vary somewhat across the series. We take these effects into account in the quantitative analysis described below (Secs. V &V A). However as a first estimate, the trend in V dc does suggest that the overall efficiency of spin pumping is approximately 3× larger for the sample with the NiO layer compared to Ni/Pt alone. Recall that though the ordering temperature of NiO is very high in bulk, these room temperature measurements occur well above the expected antiferromagnetic blocking temperature in this very thin (< 2 nm) NiO layer. A second Ni/Pt piece was also measured (not shown) and confirms the low signal compared to Ni/NiO/Pt. A similar enhancement appears in Ni/Ag/Pt (Fig. 4c) ). This is a nearly equally surprising result, since prevailing wisdom suggests that inserting a thin layer of metal such as Ag with relatively low SOC and long spin-diffusion length (typically reported to be 130 − 150 nm at RT, 37 so that λ sd > 10 × t Ag )
should have little effect on spin transport. The Ag layer is rather expected to result in an electrical shunting of the ISHE voltage (since its electrical conductivity is typically higher than that of Pt), thus the introduction of a Ag layer is expected to reduce the measured dc voltage. Fig. 4d ) and e), though the wider variance in t F must be taken into account. Although the two heterostructures have very similar t N , the Py/PyOx/Au stack has t F ≈ 2× thicker than the Py/Au stack. As a result (see Table I ) the bulk of the FM layer shunts the generated V dc . This means that the roughly equal V dc values between these samples suggest a similarly large enhancement in spin pumping efficiency when the PyOx is inserted between Py and Au. As noted for the Ni heterostructures, all data in Fig. 4 were taken at room temperature, much higher than the temperature where magnetic order is normally believed to occur in oxidized permalloy of this thickness. [38] [39] [40] We address these issues in much more detail below (Sec. IV A). Note also that the spin pumping response is large, despite the use of Au as the NM layer. This indicates qualitatively that our Au films show larger values of α SH than many reports, 10, [41] [42] [43] [44] [45] [46] as will be shown quantitatively below (Sec. V A).
When an aluminum oxide layer was added between Py and Au, the signal is strongly reduced. For only this sample, we were not able to completely remove a component of V DC from rectification, because the sample could not be placed perfectly at the electric field node of the cavity. As a result, the total voltage, shown in Fig. 4g ) and h), is a superposition of a peak-dip response with a small Lorenztian. The total response is itself much less than the peaks in the other two Py samples (∼ 2 µV vs. ∼ 8µV). We assume that the inverse spin Hall effect voltage yields a purely Lorentzian line shape, while any rectification signal exhibits antisymmetric lineshape. This allows us to extract the spin pumping portion of the response for this sample for θ = 180
• and θ = 0
• with H 0 > 0 by fitting the total voltage
Here L and D are the magnitudes of the spin-pumping and spin-rectification components, respectively, ∆H is the linewidth, H 0 is the resonance field, and H the applied field. Fits to the total response, along with the separate components of the signal are shown for θ = 0 (Fig. 4h) ) and θ = 180
• (Fig. 4g) ) peaks. The lower panel in Fig. 4f) shows only the spinpumping component obtained by subtracting the rectification signal from the measured response. Quantitative determination and comparison of spin-pumping efficiency across these samples, using parameters determined from FMR spectroscopy and magnetometry, is described in Sec. V A below.
C. Broadband FMR spectroscopy and damping
To best understand the dynamic response of these FM/NM samples and confirm the origin of the enhanced V dc as spin pumping, we performed broadband FMR spectroscopy as a function of field and frequency at room temperature. Fig. 5a ) and b) show example raw real and imaginary parts of the microwave transmission S 21 of the FM-loaded coplanar waveguide, respectively, for two samples at ν M W = 20 GHz. All samples but two showed single-peak spectra of this type. The spectra were fit using a technique described in detail elsewhere 48, 49 to find the resonance field, H res , and linewidth, ∆H. A fit of H res vs. f to the Kittel equation in the out-of-plane geometry,
with γ = gµ B / , as shown in Fig. 5c ), gives the g-value g and M eff = M s − H k . The measured saturation magnetization, M s for each sample is indicated by the dashed lines in 
give the Gilbert damping parameter, α and the inhomogeneous linewidth broadening, ∆H 0 .
The Ni/Ag/Pt and Py/PyO/Au samples, two of the samples with the thickest FM layers studied, did each show a second, smaller peak for some portion of the range of frequencies measured. This peak was separated by at least 50 mT (500 Oe) from the main resonance, and in the case of Ni/Ag/Pt we were able to separately fit and track the two peaks. This sample showed nearly identical slope of the line fit to H res vs. f , indicating the same g value as the main peak with a frequency-independent shift in field, and a slightly higher value of α indicated by a larger slope of ∆H vs. f and approximately 4 mT higher inhomogeneous broadening. If these features shift in frequency and become coincident in the in-plane magnetic field geometry used for electrically-detected spin pumping, this second peak could 
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H c,k 2) demonstrating the proposed mechanism for EB and enhanced coercivity. Note that we have not measured the lateral length scale of the roughness, and this schematic therefore only qualitatively represents the morphology of the surfaces. Red arrows indicate points of direct Ni/Pt contact.
Ni20-Ag9-Pt9 Peak 2 Ni20-Pt10 explanation for the perpendicular anisotropy and exchange bias as discussed further below.
IV. DISCUSSION
A. Damping, Anisotropy, and Coercivity
We begin more detailed discussion of these results by comparing α and M eff from broadband FMR to anisotropy fields and coercivity revealed by magnetization. Fig. 9 summarizes this information for the Ni sample series. Fig. 9a ) plots the damping parameter α on the left axis with H c determined from in-plane and out-of-plane magnetization on the right axis.
The damping is significantly enhanced by addition of Ag or NiO, with the oxide showing the largest effect. This trend in α clearly tracks the change in H c, observed from magnetometry. The presence of an antiferromagnetic layer in contact with a FM layer has been proven to both increase H c and α, even at temperatures somewhat larger than T b , the blocking temperature of the AF film. [52] [53] [54] [55] As shown in the GIXR and AES depth profile in Fig. 2c-d the Ni/Pt interface that can induce ferromagnetism in the Pt. 63 Since we made no attempt to control the film stress in our Ni/Pt sample, we do not expect room temperature perpendicular anisotropy. However, the presence of an antiferromagnetic NiO layer on Ni is known to enhance the perpendicular anisotropy, providing a mechanism that allows such effects to persist to above room temperature. 64, 65 Based on both magnetic and structural characterization of the Ni/NiO/Pt sample, we propose that the enhancement of coercivity, the presence of mixed anisotropy at room temperature that becomes increasingly perpendicular at low T , and the corresponding low T perpendicular exchange bias, are all driven by the low t NiO and high interfacial roughness of this layer. This situation is shown schematically in Fig. 8d) , where the thin, rough oxide allows areas of direct contact between Ni and Pt (indicated with red arrows). These areas tend toward perpendicular anisotropy at low T , which is enhanced by the proximity to NiO or the strong SOC in Pt, or both. Note that although these areas of direct Ni/Pt contact are expected, the total area of the interface contained in such sections remains small, and does not offer a plausible explanation for the enhanced spin transport through this interface.
Turning now to the Py-based samples, Fig. 10 shows a summary of FMR properties, though here H c , as expected, is always smaller than our field measurement uncertainty (on the order of several Oe) and we instead compare α to estimated values of effective spin-mixing conductance, g ↑↓,eff . We determine this entirely from FMR and magnetometry using
Here α Note the negative sign on the right axis, so that the data points represent in-plane anisotropy fields. For this series of films, there is no strong drop in M eff , and |H k | values are small compared to the Ni series. This matches expectations from magnetometry.
V. DETERMINATION OF CONE ANGLE AND SAMPLE PARAMETERS
In electrically-detected spin pumping measurements performed at fixed frequency in microwave cavities it is typical practice to use a value for the magnetization precession cone typical estimation of precession cone angle in SP (for ellipticity correction P = 1).
angle, Θ, estimated using the relation Θ = h mw /∆H, where h MW is the driving microwave field and ∆H is the FWHM FMR linewidth determined by fitting a Lorentzian to the measured response. Because we have measured the damping parameter, α, for this set of samples directly via broadband FMR, we can instead determine Θ more accurately from the balance between the driving microwave field and losses via damping.
In the dc electrically-detected spin pumping geometry we apply a static magnetic field H 0 along the x direction, and h MW along the y direction. This causes the magnetization vector M to precess about the equilibrium direction set by H eff . The relevant components of M are then M y = m y e iωt and M z = m z e iωt with m y = χ yy h y and m z = χ zy h y . χ yy and χ zy are elements of the Polder susceptibility tensor given by:
and
where γ = gµ B / is the gyromagnetic ratio determined from the measured g-factor, and
Broadband FMR determines g, M eff , and α, which allow extraction of the cone angle of the precession that occurs in the electrically-detected dc spin pumping under static field H 0 = H res and driving field h y = h MW . We compare P sin 2 Θ with |m y | · |m z |/M 2 s in Table  I . In quantifying our results we exclusively use |m y | · |m z |/M 2 s .
A. Quantification and Comparison of g ↑↓, eff and α SH
The dc voltage generated at the FM resonance via the ISHE is given 10,51 by
Here σ F and σ N are the (charge) conductivities of the FM and NM, respectively, and L is the length of the sample along theŷ direction as defined in Fig. 4d ). The denominator can also be written σ F t F + σ N t N = L/(wR) where w is the sample width (along thex direction)
and R is the measured resistance between the spin-pumping contacts. In all analysis we use this measured R, and therefore never assume any value of electrical conductivity. Backflow corrections 68 to the measured V ISH are taken into account by using the experimentally determined g ↑↓, eff in place of the bare mixing conductance.
Because the parameters in this equation are all dependent on material (and in some cases thickness), for our samples we consider two regimes due to the very different λ sd in Pt and Au. In the case of Pt, there has been disagreement and ongoing debate regarding the determination of λ sd , 7, 45, [69] [70] [71] with the most recent reports converging somewhat on λ sd = 1.3 nm. 45, 70 However, nearly all reported values are ≤ t Pt in our heterostructures. In this first regime then t N λ sd , so that tanh(t n /2λ sd ) ∼ = 1. This gives
so that
The case of Au is different, since most sources indicate λ sd > t N . Room temperature values typically reported range from approximately 30 to 60 nm. 37, 41, 72 Here we approximate by expanding tanh x ∼ = x − 1/3x 3 + .... When λ sd,Au is of order of tens of nm or more with t n taken from GIXR (6 nm or 18 nm), this is dominated by the first term so that
The values of the product g ↑↓,eff α SH and g ↑↓,eff that result from calculations using V ISH determined from Lorentzian fits to V DC shown in Fig. 4 in Eqs. 11 and 13 are compared across samples in Figs. 11 a) and b). In both plots the grey region indicates the range of values for g ↑↓ reported by Czeschka, et. al 11 . Note that the grey region in Fig. 11b ) also corresponds well with the upper and lower limits for g ↑↓,eff determined for our Py samples (cf. Fig. 10a) ). ↵ SH,Au = 0.0016 to explain our data. We can instead determine the α SH required to match the maximum and minimum values for g ↑↓,eff given by the increased damping seen in FMR (shown in Fig. 10a) ). This requires larger values, at minimum α SH,Au = 0.04 calculated assuming This value is also on order of the likely α SH,Au value in our heterostructures.
Though the Au films grown for this study were e-beam evaporated from nominally 99.999% pure source material in UHV, we believe a high level of magnetic impurities was unintentionally introduced to the Au source, quite likely from cross-contamination from the Py crucible used in the same system. Quantitative proof of this magnetic contamination in the actual FM/NM heterostructure is difficult due to thin layers and, of course, the presence of Ni and Fe atoms in the FM underlayer. However, indirect evidence of the contamination is shown in Fig. 12 . This shows electrical resistivity for a range of evaporated Au films grown under various conditions. Films labeled "UHV" were grown via e-beam evaporation in the same chamber as the Py/Au heterostructures discussed here at base pressures < 1 × 10
Torr, while those labeled "HV" were thermally evaporated at base pressures ∼ 10 −6 Torr in a chamber where magnetic metals are not deposited. The samples labeled A, B, and C were grown and measured sequentially on a single substrate during the time period that the Py/Au and Py/PyOx/Au heterostructures studies in this work were grown. These three films have very high resistivity compared to typical values for these thicknesses. Film "D"
was grown several months later in the same chamber after replacement of the Au crucible, and shows a much lower resistivity for the same nominal thickness as film "A." Determining impurity concentration from the residual resistivity for polycrystalline films is typically difficult or impossible since the contributions from the various defects cannot be separated.
However, an extremely rough estimate of the level of impurities can be made either by determining the impurity electron mean free path and assuming unity probability of the electron-impurity scattering or by simply comparing to literature estimates of the specific impurity resistance 74 . These suggest that Au resistivities as high as shown here could result from between ∼ 500 ppm and ∼ 1% impurity content. The room temperature resistance measurement of the spin pumping heterostructures (R SP in Table I ) provides additional evidence for high Au resistivity from impurity scattering. Estimates of resistivity for the Au layer, using the measured geometry of the heterostructure and our typical measured values of 30 µΩ cm for Py at room temperature, yield large values for the Au in order to explain the total resistance. Though not conclusive, this suggests contamination of the Au layers described here is likely, and certainly argues for more thorough investigation of the effect of magnetic impurities on spin Hall angles in Au.
B. Physical origin of enhanced V ISH with native oxides
Before commenting on any possible mechanism of the large V ISH signals seen in the heterostructures we clarify that, as detailed in the discussion of perpendicular exchange bias above and depicted in Fig. 8c) , the thin and rough NiO and PyOx layers most likely do allow some regions of direct contact between metallic FM and NM. However we reiterate that these regions form a small fraction of the total interface area, and most likely do not play a role in the large spin pumping efficiency seen in the native oxide samples. Indeed if they are the source of the efficient spin transport between FM and NM, that transport must be much more efficient than previous measurements indicate.
Our results clearly show that the presence of thin native oxides at the interface between a metallic FM and a NM with strong SOC does not prevent the transport of spin across the interface. We note that existing studies of the native oxide of transition metal ferromagnets
are somewhat rare and have tested very different regimes that either involve long-term oxidation of the entire FM film 18 or demonstrated only a change in damping that could have other origins.
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We restate that the enhanced V ISH we have observed cannot truly separate, for example, an increase in the efficiency of the conversion between angular momentum lost at the interface into spin current injected into the NM from other mechanisms such as an increase in the effective spin-orbit coupling at the oxide-NM interface that would cause an apparent increase in α SH , or an increased spin mixing conductance. Other authors have explained similar results, including in films with similarly thin interfacial NiO layers, in terms of antiferrromagnetic magnons 21, 22, 75 or spin fluctuations. 21, 24 Our results may support the latter, as only antiferromagnetic spin correlations, rather than true antiferromagnetic order, are present in our heterostructures at the measurement temperatures described here. Though more work is needed to clearly identify the physical mechanism that leads to the enhanced V ISH , we can further consider mechanisms that could modify the spin mixing conductance.
Enhanced spin pumping efficiency can be driven by changes in the effective spin mixing conductance, g ↑↓,eff , which scales with the density of magnetic moments at a given interface. An alternative scenario involving modified spin mixing conductance offers a possible explanation for this trend in g ↑↓,eff . In Ni/Pt heterostructures a magnetic moment is commonly induced on the Pt atoms via the magnetic proximity effect (MPE). 63 In this case, similar to that observed where Pt is believed to be magnetized by proximity to the ferromagnet yttrium iron garnet, 78 the effective interface for spin pumping becomes the FM Pt/ NM Pt interface (which here will be graded and not perfectly sharp). This interface will have a different spin mixing conductance and potentially reduced spin pumping efficiency. The introduction of the NiO then prevents the MPE, while allowing spin transport with an overall higher effective spin mixing conductance. This picture explains the nearly equal g ↑↓,eff between Ni/NiO/Pt and Ni/Ag/Pt heterostructures, since in both cases an efficient spin transport material is added between Ni/Pt, keeping the same effective spin mixing conductance. If we also consider the Py/Au series, we see that Py/PyOx/Au and Py/Au interfaces have the same effective spin mixing conductance. But since MPE is not observed for Au, which is far from the Stoner criterion, 79 there is no FM Au/ NM Au interface and no mechanism for a reduced mixing conductance, so adding the permalloy oxide simply allows spin transport from Py to Au with the same g ↑↓,eff , as shown by the nearly equal values for these two heterostructures. Of course inserting Al 2 O 3 , which does not support spin transport, strongly reduces the spin pumping. Note also (Fig. 11a) )that Ni/NiO/Pt, Ni/Ag/Pt, Py/Au and Py/PyOx/Au heterostructures all have g ↑↓,eff α SH that agree within a factor of 2, which is consistent with the view that the moment density at the Ni/Pt and Ni-Fe/Au interfaces, and therefore the spin mixing conductance, should be similar.
Though the presence of MPE in the Ni/Pt heterostructure helps explain the trends we have observed here, this picture still relies on efficient spin transport through oxidized Ni and Py. Though we cannot yet offer a concrete physical picture for this, our results highlight a critical need for future studies of spin transport through antiferromagnetic insulators. This work is already underway in our and other groups.
VI. CONCLUSIONS
We have presented a comprehensive set of measurements and detailed characterization 
